The cuticle covering the outer surface of anthers is essential for male reproductive development in plants. However, the mechanism underlying the synthesis of these lipidic polymers remains unclear. HOTHEAD (HTH) in Arabidopsis thaliana is a presumptive glucose-methanol-choline (GMC) oxidoreductase involved in the biosynthesis of long-chain a-,o-dicarboxylic fatty acids. In this study, we characterized the function of an anther-specific gene HTH1 in rice. HTH1 contains a conserved GMC oxidoreductase-like domain, and the sequence of HTH1 was highly similar to that of HTH in A. thaliana. Quantitative real-time PCR (qRT-PCR) and in situ hybridization analyses showed that HTH1 was highly expressed in epidermal cells of anthers. Rice plants with HTH1 suppression through CRISPR (clustered regularly interspaced short palindromic repeats) and RNA interference (RNAi) displayed defective anther wall and aborted pollen. Disorganized cuticle layers in anthers and shriveled pollen grains were observed in HTH1-RNAi lines. The total amounts of long-chain fatty acids and cutin monomers in anthers of HTH1-RNAi lines were significantly reduced compared with the wild type. Our results suggested that HTH1 is involved in cutin biosynthesis and is required for anther development and pollen fertility in rice.
Introduction
Plants are generally exposed to severe environmental conditions. The cuticle is a complex hydrophobic layer that covers the epidermis of all aerial parts of higher plants (i.e. stems, leaves, petals and fruits) (Muller and Riederer 2005, Li et al. 2007) . It serves as a barrier to control the fluxes of gases, water and solutes, and helps in protecting plants from biotic and abiotic stresses (Pollard et al. 2008) . The cuticle covering cell walls is also involved in controlling plant morphology (Nawrath 2002 , Pollard et al. 2008 ). The cuticle is one of the most important adaptations for the terrestrial life of land plants. The functionally important lipophilic portion of the cuticle consists of cutin and waxes (Nawrath 2006) . Cutin, which forms the matrix of the cuticle, is an insoluble amorphous biopolymer and consists largely of hydroxylated and epoxyhydroxylated C16 and C18 esterified long-chain fatty acids (LCFAs) (Heredia 2003) . However, a-,o-dicarboxylic fatty acids (40%) and 2-hydroxy fatty acids (14%) have been identified as major depolymerization products in cutin of Arabidopsis thaliana (Bonaventure et al. 2004 , Franke et al. 2005 . The waxes, which form a major lipid class of plant cuticles, are mixtures of very-long-chain fatty acids (VLCFAs) (C20-C34), together with varying amounts of cyclic compounds such as triterpenoids and hydroxycinnamic acid derivatives (LopezCasado et al. 2007) .
It has been reported that the cuticle which covers the outer surface of anthers as a lipidic barrier, plays important roles in male reproductive development in flowering plants Zhang 2010, Zhao et al. 2015) . Numerous genes are involved in cuticular formation, including biosynthesis, modification, assembly and transport of cuticle monomers (Dominguez et al. 2015 . AtCER1 encodes a membrane-associated protein and is a key gene related to wax synthesis during the process of pollen development in A. thaliana. The expression of AtCER1 occurs mainly in stems and flowers, and the wax content of stems was found to decrease in the cer1 mutant (Aarts et al. 1995) . Rice WDA1, a close homolog of AtCER1, is strongly expressed in the epidermal cells of anthers (Jung et al. 2006) . Epicuticular wax crystals are absent from the outer layer of the anther, and pollen exine was defective in the wda1 mutant (Jung et al. 2006) . WDA1 is involved in the biosynthesis of various VLCFAs for anther cuticle formation (Jung et al. 2006) . Rice CYP704B2 and CYP703A3, which belong to the Cyt P450 family, encode heme thiolate monooxygenases (Morant et al. 2003 ). Recombinant CYP704B2 protein was able to catalyze the hydroxylation at the o position of palmitic acid or unsaturated C18 fatty acids, and a cyp704b2 mutant had undeveloped anther epidermal cuticle and aborted pollen grains without an obvious exine. CYP703A3 catalyzes in-chain hydroxylation of lauric acid, and the loss of function of CYP703A3 caused defects in anther epicuticular and pollen exine development . Defective Pollen Wall (DPW) is expressed in both tapetal cells and microspores during anther development, and a dpw mutant displayed defective anther development and degenerated pollen grains with an irregular exine. The cutin monomers of anthers in dpw were dramatically reduced relative to the wild type (WT). DPW is involved in primary alcohol synthesis for anther cuticle and pollen sporopollenin (Shi et al. 2011) . Loss of function of Defective Pollen Wall2 (DPW2), a member of the BAHD/HXXXD family of acyltransferases, exhibited similar phenotypes to dpw (Xu et al. 2017) . OsABCG15/PDA1, a tapetum-expressed ABCG protein, is required for the transport of lipidic precursors in anther cuticle and pollen wall development in rice (Niu et al. 2013 , Qin et al. 2013 , Zhu et al. 2013 . WBC/ABCG26 was reported to co-ordinate with ABCG15 to regulate the development of anther cuticle and pollen exine in rice. ABCG26 is mainly responsible for the transport of lipidic molecules from tapetal cells to anther wall layers, whereas ABCG15 is mainly responsible for the export of lipidic molecules from the tapetal cells to anther locules for pollen exine development (Zhao et al. 2015) .
The HOTHEAD (HTH) gene was predicted to encode an enzyme related to a group of FAD-containing oxidoreductases (Li et al. 1993) . Arabidopsis thaliana ACE/HTH (AT1g72970) is a single-domain protein possessing a glucose-methanol-choline (GMC) oxidoreductase (pfam00732) domain based on sequence prediction (Krolikowski et al. 2003) . Members of the GMC oxidoreductase family include oxidoreductases, dehydrogenases, lyases and oxidases (Cavener 1992) . They typically catalyze the oxidation of non-activated alcohols to produce aldehyde or ketone (Dreveny et al. 2001) .
The ACE/HTH gene was initially found to be involved in limiting cellular interactions between epidermal cells in contact with one another during floral development in A. thaliana (Krolikowski et al. 2003) . ACE/HTH was later suggested to encode a-alcohol dehydrogenases catalyzing the biosynthesis of long-chain a-,o-dicarboxylic fatty acids (Kurdyukov et al. 2006b ). ACE/HTH is specifically expressed in epidermal cells in A. thaliana. The loss of function of ACE/HTH leads to the disruption of the cuticle membrane structure. An hth-12 mutant resulted in the reduction of long-chain a-,o-dicarboxylic fatty acids in leaf polyesters (Kurdyukov et al. 2006b ). Recently, several HTH homologs were reported in rice. ONI3, an ortholog of ACE/HTH, is specifically expressed in the outermost cell layer in the shoot apex in rice. A reduced amount of VLCFAs, aberrant outermost cell layers and abnormal shoot development were observed in oni3 mutants (Akiba et al. 2014) . Likewise, rice Mini1 exhibits high similarity to A. thaliana ACE/HTH and is highly expressed in young shoots. A mini1 mutant showed premature termination of shoot development. Mini1 is involved in maintaining shoot apical meristem (SAM) activity and promoting shoot development in rice (Fang et al. 2015) .
Generally, the cuticles are synthesized in the cells of the epidermis layer and are secreted to the extracellular matrix of all primary ground organs of plants (Kolattukudy 2001 , Samuels et al. 2005 . However, genes involved in cuticle monomer biosynthesis and transport are mainly expressed in tapetum of rice , Shi et al. 2011 . Here, we characterized HTH1, a homolog of ACE/HTH, which is highly expressed in the anther epidermis in rice. Down-regulation of HTH1 resulted in a significant reduction of pollen fertility and seed setting rate compared with the WT. Defective anther cuticles in which cutin deposition was particularly reduced were observed in HTH1-RNA interference (RNAi) lines. In agreement with this, most cutin monomers were significantly decreased in HTH1-RNAi anthers, suggesting that HTH1 is required for anther cutin biosynthesis and pollen fertility in rice.
Results

Structural and sequence analysis of HTH1
Sequence analysis indicated that HTH1 (Os04g0573100) contained four exons with a 1,776 bp coding sequence (Fig. 1A) . A functional domain analysis with Pfam (http://pfam.xfam.org/ search/sequence) revealed that amino acids 49-322 and 425-570 of the HTH1 protein represented GMC-oxed-N and GMC-oxed-C conserved domains (Fig. 1A) , implying that HTH1 encodes a GMC oxidoreductase. HTH1 consists of 592 amino acids with a predicted mol. wt. of 64 kDa and an isoelectric point of 5.99. In addition, HTH1 was annotated as a putative HOTHEAD precursor protein in the Nipponbare reference genome annotation.
To determine the evolutionary relationship of HTH1 homologs in different plant species, a Neighbor-Joining phylogenetic tree of 21 proteins with high similarity was constructed (Fig. 1B) . Six homologs of HTH1 were identified in the rice reference genome. Three HTH homologs of rice (Os03g0118700, Os10g0524500 and Os02g0678300) were closely related to HTH1. Among them, Os02g0678300 was the closest to HTH1 and was categorized into the same clade that includes HTH (Fig. 1B) . The identity of amino acid sequences between HTH1 and Os02g0678300 was 73%. In total, eight HTH homologous genes (ATIG72970, AT1G12570, AT5G51950, AT3G56060, AT5G51930, AT1G73050, AT1G14185 and AT1G14190) were isolated in A. thaliana (Fig. 1B) . Based on the sequence homology BLASTP searches, HTH1 had 69% amino acid similarity to ACE/HTH (ATIG72970) and 70% similarity to AT1G12570 (Supplementary Fig. S1 ).
Multiple alignments were performed to analyze the conservation and variations of HTH proteins in different species. The sequences of 12 HTHs from four plant species with high similarity (70%) to HTH1 were aligned ( Supplementary Fig. S1 ). The results showed that the sequences within GMC-oxed-N and GMC-oxed-C domains exhibited high similarity among different HTHs, implying that these two functional domains are evolutionarily conserved in different plant species. The variations of HTH were concentrated within the first 40 amino acids, which may contain a signal peptide ( Supplementary Fig. S1 ). In the case of HTH1, a cleavage site of the signal peptide was located between position 28 and 29 of the amino acids, based on SignalP prediction (http://www.cbs.dtu.dk/services/SignalP/).
HTH1 is highly expressed in the epidermis of anthers
Microarray data in CREP (http://crep.ncpgr.cn, Microarray data sets: GSE19024) showed that HTH1 was expressed in immature panicles of rice (Wang et al. 2010) . To confirm the expression of HTH1, quantitative real-time PCR (qRT-PCR) was conducted using the reverse transcription products of total RNA extracted from vegetative and reproductive organs. The results showed that HTH1 was highly expressed in panicles at developing stage 7, but it was scarcely expressed in root, stem, leaf or panicles at other stages (Fig. 2K) . To investigate further the spatial and temporal expression pattern of HTH1 during anther development, we performed in situ RNA hybridization. The mRNA of HTH1 was detected from stage 8b to stage 11 of anther and pollen development. HTH1 was preferentially expressed in the epidermis of the anther at stage 9. The expression level of HTH1 was highest in epidermis and tapetum cells at stage 10, and reduced at stage 11 ( Fig. 2A-J) . The data revealed that HTH1 was highly expressed in the epidermal cell layer when the cuticle accumulates on the anther surface and the pollen exine forms (de Halac et al. 2003 , Li and Zhang 2010 , Moon et al. 2013 ).
Reduced expression of HTH1 results in pollen abortion
To investigate the function of HTH1 in rice, an RNAi strategy was applied to down-regulate the expression of the gene. The vector was constructed using a 254 bp cDNA fragment of HTH1 with high specificity in the rice genome. Eight positive transgenic T 0 seedlings were initially obtained by transforming the vector into the WT ZH11 via the Agrobacterium-mediated method. The HTH1 mRNA in the young panicles of HTH1-RNAi lines was markedly reduced relative to the WT, as tested by quantitative reverse transcription-PCR ( Supplementary Fig. S2A ). However, there was no change in the expression of the HTH1 homologous gene (Os02g0678300) ( Supplementary Fig. S2B ), indicating that HTH1 was specifically silenced by the RNAi construct. The pollen fertility of HTH1-RNAi was monitored from the transgenic T 0 -T 3 generation. The level of reduction in HTH1 expression was correlated with the pollen sterility phenotype. Positive transgenic plants with reduced pollen I 2 -KI staining and decreased HTH1 mRNA were used for further analysis. The phenotypes of HTH1-RNAi lines were similar to that of the WT during the vegetative growth stage (Fig. 3A) . However, defective anthers were observed in HTH1-RNAi lines. In comparison with the WT, the anthers were small and blanched in the HTH1-RNAi plants (Fig. 3C ). Pollen viability was tested using the I 2 -KI staining method. The results showed that the number of stained pollen grains was markedly reduced in the HTH1-RNAi lines (Fig. 3G, H ). In addition, the pollen fertility rate of the HTH1-RNAi lines was only 54.8-73.6%, while it was 91% in the WT (Supplementary Table S1 ). The sterile pollen grains in HTH-RNAi lines were collapsed and frequently devoid of cytoplasmic content (Fig. 3G, H ). Pollen viability was tested by staining with fluorescein diacetate (FDA). Much of the pollen from HTH1-RNAi plants could not be stained with FDA and therefore was likely to be dead (Fig. 3D, E ). In addition, the seed setting rate of HTH1-RNAi was notably decreased (Fig. 3B) . The seed setting rate of the HTH1-RNAi lines was 44-71.7% because of the reduced amount of viable pollen, but it was 94.8% in the WT plants (Supplementary Table S1 ). In addition, the degree of severity of pollen sterility was positively correlated with the reduction of the HTH1 mRNA level ( Supplementary Fig. S3 ). Therefore, the sterile pollen in HTH1-RNAi lines was caused by reduced expression of HTH1.
Knockout of HTH1 by CRISPR-Cas9 led to pollen sterility
To confirm further the role of HTH1 in pollen development, a CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPR-associated 9) construct expressing guide RNA that targeted to the first exon of HTH1 was generated and transformed into rice. Twenty-eight T 0 plants were obtained. One knockout mutant was isolated from the T 1 progeny of heterozygous plants and was designated as hth1. Gene editing events were identified by sequencing of DNA fragments from PCR amplification using HTH1 genomic-specific primers. The hth1 mutant was produced by a cytimidine deletion within the first exon ( Fig. 3J; Supplementary Fig. S4A ), which was predicted to produce an inactive truncated polypeptide with only 57 amino acids identical to the WT (Supplementary Fig.  S4B ). Compared with the WT, the vegetative growth of the hth1 mutant was normal, whereas the anthers in the hth1 mutant were smaller and shriveled with aborted and sterile pollen (Fig. 3F, I ), which resembled the phenotype found in the HTH1-RNAi lines (Fig. 3C-I ). These data further supported the view that HTH1 played an important role in anther and pollen development in rice.
Reduced expression of HTH1 results in a collapsed anther wall and low pollen fertility
To gain insight into the cellular role of HTH1, the anthers and pollen grains at different development stages were examined under the microscope. Before stage 10 of anther development, no obvious morphological alteration was observed in HTH1-RNAi lines in either the anther wall or the microspore compared with the WT (Fig. 4A-G, K-Q) . However, at stage 10 of anther and pollen development, the HTH1-RNAi lines had defective anther walls and pollen compared with the WT (Fig. 4H, R) . The cells of the anther wall were shrunken, and the microspores were less vacuolated and had an abnormal shape in HTH1-RNAi lines relative to the WT (Fig. 4H, R) . At stage 11 of anther and pollen development, the uninucleate pollen developed into bicellular pollen grains through mitotic divisions in the WT lines (Fig. 4I) . At the same developmental stage in HTH1-RNAi lines, a shrunken anther locule was observed (Fig. 4I, 4S ). In addition, the microspores in HTH1-RNAi lines had irregular morphology, and most were fragmented and disintegrating. Finally, at stage 12 of anther and pollen development, the anther locule was collapsed and the microspores were degraded in the HTH1-RNAi lines compared with the WT (Fig. 4J, T) .
To check the developmental defects of anthers and pollen in HTH1-RNAi lines comprehensively, the surface structure of anthers and pollen grains was examined by scanning electron microscopy (SEM). In the WT, the outer surface of the anther was plump and regular, and the pollen grain was round and filled at stage 12. In the HTH1-RNAi lines, however, the outer surface of the anther was obviously shrunken and collapsed, and the pollen grains were shriveled and depressed at stage 12 (Fig. 5) . To obtain more in-depth observation of the abnormalities of the anther and pollen development in the HTH1-RNAi lines, transmission electron microscopy (TEM) technology was used. In WT lines, well-formed, dense cuticular ridge structures were found on the epidermis of the anther wall at stage 12 (Fig. 6B) . This finding indicated that lipophilic materials (cutin and wax) were deposited on the surface of the anther cell wall ). In addition, the sexine and nexine of the pollen exine were well formed on the surface of the round pollen in the WT (Fig. 6C) . In comparison, HTH-RNAi lines had shorter and less dense cuticular ridges on the epidermal cells of the anther wall, and this phenotype was more severe in RNAi lines with a lower level of HTH1 (Fig. 6H) . The results suggest that reduced HTH1 transcripts caused a thinner cuticle structure on the surface of the anther, and HTH1 was responsible for normal anther and pollen development. Moreover, in comparison with WT pollen, HTH1-RNAi pollen formed separate and swollen sexine and nexine, starches, proteins and lipids; other nutrients failed to enrich in the pollen cytoplasm (Fig. 6I) .
Cutin monomers were reduced in the anthers of HTH1-RNAi lines
The collapsed anther surface and thinner cuticle layer of the epidermis in the HTH1-RNAi lines suggested that HTH1 was involved in synthesizing the cuticle components of the anther. To confirm this speculation further, the cuticular wax constituents and the aliphatic cutin constituents were successively extracted from the anther surfaces of both the WT and HTH1-RNAi lines and were quantitatively profiled by gas chromatography-mass spectrometry (GC-MS) and gas chromatography-flame ionization detection (GC-FID) (Bonaventure et al. 2004, Franke et al. 2005) . The lipid profile revealed that the total cutin amount was significantly decreased in the HTH1-RNAi lines compared with the WT. The total cutin amount in dry anthers of the WT was 9.93 mg mg -1 , whereas it was 5.92 mg mg -1 in dry anthers of the HTH1-RNAi lines, a total 40.4% reduction compared with the WT (Fig. 7A) . The decreased cutin in the HTH1-RNAi anthers resulted from the significant reduction in most cutin monomers including hexadecane-1, 16-dioic acid (C16:0 DCA), 9(10)-epoxy-18-hydroxystearic acid (C18:0-DHFA), 18-hydroxyoleic acid (C18:1-oHFA), 18-hydroxyllinoleic acid, 9(10) (C18:1-DHFA), 18-hydroxyoleic acid (C18:2-oHFA) and 2-hydroxyeicosanoic acid (C20:0-HFA) (Fig. 7B) . In comparison, the total wax amount in HTH1-RNAi lines was not significantly different, but it was slightly higher, with an increase in a few wax monomers compared with the WT (Fig. 7A; Supplementary Fig. S5 ). In summary, HTH1 is specifically involved in the synthesis of cutin monomers for anther cuticle formation during anther development in rice.
Discussion
Anther development and pollen fertility directly affect rice seed production. Thus, it is important to understand the molecular mechanisms of male reproductive development for biological knowledge and crop breeding. In this study, we characterized the HTH1 gene, a putative GMC oxidoreductase contributing to the synthesis of cutin monomers for anther development and pollen fertility in rice. HTH1 was found to be highly expressed in the anther epidermis, which implies that the synthesis of cutin monomers could occur in epidermal cells of the anther in addition to the tapetum , Li and Zhang 2010 , Shi et al. 2011 , Zhu et al. 2013 .
BLAST searches and multiple alignments of protein sequences suggested that all HTH orthologs contain a GMC oxidoreductase domain that is highly conserved between monocotyledon and dicotyledon plants, which is consistent with previous reports (Fang et al. 2015) . The HTH family usually contains several members within a species, and sequence and phylogenetic analyses showed that HTH1 is similar to HTH/ACE in A. thaliana. HTH/ACE is suggested to encode the LCFA oalcohol dehydrogenase, which catalyzes the o-oxidation of long-chain a-hydroxy fatty acids to produce o-oxo fatty acids in the biosynthesis pathway of cutin monomers (Kurdyukov et al. 2006b ). Here, the analysis of cutin components of the cuticle layer in the HTH1-RNAi lines showed that the amount of total cutin and that of most individual cutin monomers were all reduced, whereas the amount of total wax constituents was not significantly reduced by HTH1 suppression. The results are consistent with the change of the cutin composition in the hth- 12 mutant in A, thaliana (Kurdyukov et al. 2006b) . A slight elevation of total wax constituents in the HTH1-RNAi lines may reflect feedback regulation to complement the reduction in the cutin content on the anther surface. The sequence of ONI3 of rice is very close to that of HTH/ACE, and amounts of both cutin LCFAs and wax VLCFAs were reduced in the oni3 mutant (Akiba et al. 2014) . Although the details of biosynthesis pathways and their regulating mechanisms are not well known, the role of HTH genes in the synthesis of LCFAs for cuticle formation is conserved in dicot and monocot plants. However, unlike ONI3, HTH1 seems to be specifically involved in the synthesis of cutin monomers, such as C16 and C18 fatty acid derivates, for cuticle formation. The data from the current study and previous reports suggested that different HTH homologs may share common substrates and yet display some substrate preferences in vivo.
A significant decrease of a-,o-dicarboxylic 16:0 fatty acid was found in the HTH1-RNAi lines in this study, which is similar to the hth-12 mutant in A. thaliana (Kurdyukov et al. 2006b ).
The results suggested that HTH1 may function as an o-hydroxy fatty acid dehydrogenase to catalyze the o-oxidation of longchain o-hydroxy fatty acids to long chain a-,o-dicarboxylic fatty acids. The tobacco Cyt P450 CYP94A5 is able to catalyze the oxidation of fatty acids to o-alcohol fatty acids and then to the corresponding diacid (Le Bouquin et al. 2001) , suggesting that these two steps can be catalyzed by the same enzyme. It is feasible that HTH1 can catalyze sequential reactions oxidizing the o-terminal methyl group to the corresponding carboxyl of LCFAs. This possibility is similar to the results found in animal alcohol dehydrogenases, which were capable of oxidizing aliphatic alcohols and o-hydroxy fatty acids (Holmquist and Vallee 1991) . However, the anther surface of rice contains a minor proportion of a-,o-dicarboxylic fatty acids, which accounts for 5% of all cutin monomers and is much less than in A. thaliana (>50%) (Pollard et al. 2008) . The anther cuticle layer of rice consists largely of C18 fatty acid derivates of the total cutin monomers. The current study showed a significant reduction in 9,10-epoxy C18:0 o-HFA, C18:1 o-HFA, C18:1-9/10,18 ) in the wild type (blue bars) and HTH1-RNAi (red bars). Error bars indicate the SD (n = 5). Compound names are abbreviated as follows: C16:0 FA, palmitic acid; C18:3 FA, linolenic acid; C18:1FA, oleic acid; C18:2 FA, linoleic acid; C18:0 FA, octadecanoic acid; C16:0 DFA, hexadecane-1,16-dioic acid; C16:0 o-HFA, 16-hydroxypalmitic acid; C18:1 o-HFA, 18-hydroxyoleic acid; C16-9/10,16 DHFA, 9(10), 16-dihydroxypalmitic acid; C20:0 2HFA, 2-hydroxyeicosanoic acid; C18:2 o-HFA, 18-hydroxylinoleic acid; 9,10 epoxy C18:1 o-HFA, 9(10)-epoxy-18-hydroxyoleic acid; 9,10 epoxy C18:0 o-HFA, 9(10)-epoxy-18-hydroxystearic acid; C18:1-9/10,18DHFA, 9(10),18-hydroxyoleic acid; C22:0 2HFA, 2-hydroxydocosanoic acid; C24:0 2HFA: 2-hydroxytetracosanoic acid; C25:0 2HFA, 2-hydroxypentacosanoic acid; C26:0 2HFA, 2-hydroxycerotic acid. Acids were analyzed as methyl esters, and hydroxyl groups were analyzed as trimethylsilyl esters. DHFA and C18:2 o-HFA in HTH1-RNAi lines, suggesting that rice HTH1 may have o-hydroxylase activity toward LCFAs and produce o-hydroxy fatty acids, which is similar to CYP704B2 in cutin biosynthesis. This study also indicated that HTH1 prefers 18-carbon fatty acids as substrates. However, the biochemical properties of HTH1 will need to be further characterized in future studies.
The cuticle layer that covers the surface of organs plays a pivotal role in plant adaptation to adverse environmental conditions (Ma 2005 , Twell 2006 ). In addition to providing the physical support for pollen development, the cuticle layer on the outermost epidermis of the anther is important for protecting the inner tissue from various stresses and pathogen attacks . Previous studies showed that HTH and Cyt P450 have important roles in aliphatic metabolism for cuticle formation during organ development and probably have a conserved function in the synthesis of cuticle monomers in different plant species (Kurdyukov et al. 2006b , Shi et al. 2011 . In this study, we showed that HTH1 is highly expressed in the outermost epidermis of the anther wall in rice (Fig. 2) . Down-regulation of HTH1 resulted in a significant reduction in pollen fertility and viability (Fig. 3) . Cytological analyses revealed collapsed anther walls and a thinner cuticle layer in the epidermal cells in the HTH1-RNAi lines (Figs. 4-6) . As a result, the HTH1-RNAi lines exhibited a remarkable decline in male fertility (Fig. 3) . Thus, the pollen sterility in the HTH1-RNAi lines may be caused by a defective cuticle layer of epidermal cells.
Previous studies showed that several genes, including DPW, CYP704B2 and CYP703A3, were involved in anther cuticle formation and were specifically expressed in the tapetum , Shi et al. 2011 , suggesting that cuticle lipids are produced in the tapetum ). However, HTH1 was found to be very highly expressed in the epidermis of anthers during anther development in this study. Knockdown of HTH1 leads to a defective anther cuticle and a significant reduction of most cutin aliphatic monomers, suggesting that the epidermal cells are the site of cutin monomer synthesis in rice anthers. Cutin monomer biosynthesis has been demonstrated to occur within the epidermal cells of stems and leaves (Nawrath 2002 , Panikashvili et al. 2007 . It is noteworthy that WDA1, HTH/ACE and BODYGUARD, which are specifically expressed in the epidermis, profoundly affect anther cuticle formation (Jung et al. 2006 , Kurdyukov et al. 2006a ). Therefore, this work and previous reports (Jung et al. 2006 , Kurdyukov et al. 2006a highlighted that cutin monomer biosynthesis may occur in the epidermal cells of anthers, which is similar to the biosynthesis in stems and leaves. Both the epidermis and tapetum may be sites of cuticle monomer synthesis in the anthers of rice.
Materials and Methods
Plant materials and growth conditions
All plants were grown in the paddy field of Huazhong Agricultural University from June to September under natural environmental conditions. Oryza sativa L. ssp. japonica CV Zhonghua 11 (ZH11) were used as the WT control plants in this study. The rice interference plant HTH1-RNAi and genome editing using the CRISPR-Cas9 system of HTH1 were done on the same subspecies background. DNAs extracted from panicles were used for gene cloning. Inflorescences atf different development stages were used for expression analysis.
Rice transformation and genotyping
The transgenic lines HTH1-RNAi were generated from the ZH11 background using the RNAi technology; after filtering of three generations, the T 3 plants from three independent transgenic lines were used in this study, and named Line1, Line2 and Line3, respectively. We amplified a gene-specific fragment (254 bp), inserted it into the pMD18-T vector and then subcloned it into the interference vector pDS1301 in both directions via two dual-enzyme digestions (KpnI and BamHI for the forward direction, SacI and SpeI for the reverse direction) and ligations. The binary constructs were then introduced into Agrobacterium tumefaciens EHA105. Rice plants (O. sativa L. ssp. japonica) were used for plant transformation. Embryonic calli from mature rice seeds were transformed by co-cultivation, selected with 50 mg l -1 hygromycin and used to regenerate transgenic plants. Regenerated rice after 4 weeks of rooting were transferred to plastic buckets in a greenhouse maintained at 30 C during the day and at 28 C at night.
To find an effective protospacer adjacent motif (PAM) and avoid any offtarget sites, the oligonucleotides used for targeted mutagenesis were designed with the help of CRISPR-P and CRISPR-PLANT tools (http://211.69.128.148/cgibin/rice/CRISPR). The background and transformation were the same as mentioned above for HTH1-RNAi.
Total DNA was extracted and purified from approximately 100 mg of mature rice leaves. Specific PCR primers (Supplementary Table S2 ) were used to examine the presence of T-DNA regions. To detect mutations, the genomic regions surrounding on-and off-target sites were amplified using specific PCR primers.
Quantitative real-time PCR
The root, stem, leaf and panicle of different developmental stages were used for expression analysis. All samples were frozen immediately in liquid nitrogen and then stored at À80 C. Total RNA was extracted using Trizol reagent (TAKARA) and treated with RNase-free DNase I (TAKARA) for 30 min at 37 C to eliminate possible contaminating DNA. First-strand cDNA was synthesized from total RNA with an oligo(dT) 18 primer in a 20 ml reaction [10 ml of RNA treated with RNase-free DNase I, 4 ml of 5 Â RT buffer, 1 ml of dNTP, 1 ml of oligo(dT) for 45 min at 42 C, 0.5 ml of RNase inhibitor and 1 ml of M-MLV reverse transcriptase with ddH 2 O added to obtain a total volume of 20 ml]. The cDNAs were amplified with gene-specific primers that were designed using VECTOR software. The ubiquitin gene, which showed constant expression in every sample, was chosen as the internal control for data normalization. The reaction system was 10 ml, which included 0.5 ml of reverse transcription products, 5 ml of 2 Â SYBR Premix EX Taq Master Mix and 0.2 ml each of the qF/qR primers, with ddH 2 O added to obtains a total volume of 10 ml. The PCR conditions were as follows: 95 C for 3 min, 40 cycles of 95 C for 5 s, and 60 C for 34 s. Each sample had three replicates. The reaction was conducted on an ABI StepOne Real-time PCR instrument (Applied Biosystems).
In situ hybridization assay
The root, stem, leaf and panicle of different development stages were used for in situ hybridization analysis. All samples were frozen and fixed in an RNase-free FAA solution (4% formaldehyde, 10% acetic acid, 50% ethanol, 36% diethylpyrocarbonate H 2 O). The probes used for in situ hybridization were constructed by amplification using the same primers as for qRT-PCR, and subcloned into pGEM-T vector, and digoxigenin-labeled RNA probes were prepared using a DIG Northern Starter Kit (Roche). T7 and SP6 RNA polymerase were used to generate the sense and antisense RNA probes by in vitro transcription according to the manufacturer's instructions. In situ hybridization was performed as described in the Cold Spring Harbor A. thaliana Molecular Genetics Course (www.Arabidopsis thaliana.org/cshl-course/5-in_situ.html). The hybridization signals were observed and photographed under an Olympus BX53 microscope using a SPOT color camera. All photos were formatted with Adobe Photoshop CS6 software.
Analysis of the HTH1-RNAi plant phenotype and observation of pollen by I 2 -KI and FDA staining
The flower and anther morphology of the HTH1-RNAi were photographed with a Canon ES60 digital camera and a Motic K400 dissecting microscope.
The 1% I 2 -KI solution was used for pollen staining. Anthers from mature spikelets were crushed and stained in 1% I 2 -KI solution for several minutes and observed and photographed under bright-field illumination. Five fields per slide were photographed under the microscope (BX53, Olympus) for statistical analysis.
Twenty-five plants from every RNAi line were observed. The viability of pollen grains was assessed through FDA staining. Pollen was immersed in 1% (w/v) phosphate-buffered saline (PBS) containing 2 mg l -1 FDA and observed after 15 min. The stained pollen was monitored under blue wavelength light under the microscope (BX53, Olympus).
Cytology observation of anther development
Spikelets of various developmental stages were collected based on the description by Zhang et al. (2011) . The spikelets were put in FAA (formaldehyde : acetic acid : ethanol, 5 : 5 : 90), fixed for 16 h after vacuum pumping and stained in hematoxylin for 48 h. The spikelets were then rinsed with distilled water twice and dehydrated in an ethanol series (30, 50, 70, 85 and 95% for 1 h, respectively, before being placed in 100% ethanol for 2 h). Next, the samples were transparentized in a chloroform series (1/5, 2/5, 3/5, 4/5 and 5/5 for 1 h, respectively) and impregnated with broken paraffin wax for 3 d. Finally, the samples were embedded in melted paraffin wax. Transverse sections of these samples (8 mm) were cut using a microtome (RM2265, Leica) (Yin and Xue 2012) and photographed under the microscope (BX53,Olympus).
Analysis of pollen and anther by TEM and SEM
Buds and anthers were sampled and immediately fixed in 2.5% glutaraldehyde for SEM. Dehydrated anthers were coated with palladium-gold in a sputter coater (HITACHI E102ION SPUTTER) and then observed in an autoscan scanning electron microscope (HITACHI SU-8010) with an acceleration voltage of 3.0 kV. For TEM, buds and anthers were post-fixed in 1% osmium tetroxide for 2 h at room temperature and rinsed with PBS. Observations were made with an FEI Tecnai G2 20 TWIN transmission electron microscope operating at 200 kV.
Analysis of anther waxes and cutin
Wax and cutin of anthers were analyzed as described previously , Shi et al. 2011 . To express amounts per unit weight, anthers were freeze-dried by using a vacuum freeze drying machine (TTF-85) and weighed (XP6 balance). To extract waxes, approximately 10 mg of freeze-dried anther material was submerged in 1 ml of chloroform for 1 min. The resulting chloroform extracts were spiked with 10 mg of tetracosane (Fluka) as an internal standard and transferred to new vials. The solvents were evaporated under a gentle stream of nitrogen gas until a final volume of 100 ml was reached. Compounds containing free hydroxyl and carboxyl groups were converted to their trimethylsilyl ethers and esters by adding 20 ml of N, N-bis-trimethylsilyltrifluoroacetamide (Machery-Nagel) and 20 ml of pyridine to the extracts and incubating them for 40 min at 70 C. These derivatized samples were then analyzed by GC-FID (Agilent Technologies) and GC-MS (Agilent gas chromatograph coupled to an Agilent 5973 N quadrupole mass selective detector) at the Instrumental Analysis Center of Shanghai Jiao Tong University. Results of anther wax analysis were related to unit weight. Anthers that had been used in the wax extraction were removed with 1 ml of chloroform/methanol (1 : 1, v/v). They were first incubated at 50 C for 30 min and then overnight with constant shaking at room temperature. This extraction was repeated three times to ensure that no soluble lipids were left in the anther samples. The remaining delipidated anthers were dried over silica gel and used to analyze the monomer composition of cutin polyesters as described by Franke et al. (2005) . Anther cutin samples were transesterified in 1 ml of 1 N methanolic HCl for 2 h at 80 C. After the addition of 2 ml of saturated NaCl and 20 mg of dotriacontane (Fluka) as the internal standard, the hydrophobic monomers were subsequently extracted three times with 1 ml of hexane. The organic phases were combined, the solvent evaporated, and the remaining sample derivatized as described above. GC-MS and GC-FID analysis were performed as for the wax analysis. Results of anther cutin analysis were related to unit weight.
Phylogenetic analysis
Amino acids sequences of HTH in rice and other species, download from NCBI, were used to compare multiple sequences from BLASTP and to construct a phylogenetic tree. Multiple BLAST sequences were aligned with the Clustal X tool using default parameters, and a phylogenetic tree was constructed with the alignment of HTH-like protein sequences of A. thaliana using the MEGA program (version 5.1; http://www.megasoftware.net/index.html) and the Neighbor-Joining method with the following parameters: Poisson correction, pairwise deletion and bootstrap (1,000 replicates; random seed).
Supplementary data
Supplementary data are available at PCP online.
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